The electronic properties of single-layer antimony are studied by a combination of first-principles and tight-binding methods. The band structure obtained from relativistic density functional theory is used to derive an analytic tight-binding model that offers an efficient and accurate description of single-particle electronic states in a wide spectral region up to the mid-UV. The strong (λ = 0.34 eV) intra-atomic spin-orbit interaction plays a fundamental role in the band structure, leading to splitting of the valence band edge and to a significant reduction of the effective mass of the hole carriers. To obtain an effective many-body model of two-dimensional Sb we calculate the screened Coulomb interaction and provide numerical values for the on-siteV00 (Hubbard) and intersiteVij interactions. We find that the screening effects originate predominantly from the 5p states, and are thus fully captured within the proposed tight-binding model. The leading kinetic and Coulomb energies are shown to be comparable in magnitude, |t01|/(V00 −V01) ∼ 1.6, which suggests a strongly correlated character of 5p electrons in Sb. The results presented here provide an essential step toward the understanding and rational description of a variety of electronic properties of this two-dimensional material.
Single layers of antimony crystal (SL-Sb) have been recently produced using different methods, including mechanical exfoliation [1] , liquid-phase exfoliation [2, 3] , and epitaxial growth on a substrate [4] [5] [6] . Two-dimensional (2D) antimony complements the list of elemental 2D materials available to experiment, among which are graphene [7] with its group IV analogs silicene [8] and germanene [9] , few-layer black phosphorus [10] , as well as the more exotic materials stanene [11] and borophene [12] . The presence of a moderate band gap and excellent environmental stability [1] combined with predictions of a reasonable carrier mobility [13] makes 2D antimony a promising candidate for electronic, transport, and optical applications, as well as for the realization of topological phase transitions [5] .
Theoretically, electronic properties of SL-Sb have been studied using first-principles methods [13] [14] [15] [16] [17] [18] . In many cases, however, the performance of such methods turns out to be limited by high computational cost, which prevents one from reliably describing the properties of realistic materials, especially at large scales and beyond singleparticle approximations. The method of model Hamiltonians is an alternative approach to address the problem of the electronic structure, which is less transferable, but more efficient and flexible. Among 2D materials, several tight-binding (TB) models have been proved to capture the relevant electronic states in graphene [19, 20] and its derivatives [21] , transition metal dichalcogenides [22] [23] [24] [25] and different phases of phosphorus [26] [27] [28] [29] , while singlelayer antimony is still missing from the list.
Another important ingredient for a reliable physical description of materials is the information on the strength * a.rudenko@science.ru.nl of the Coulomb interaction, which directly affects optical properties and plays a key role in phenomena such as charge carrier scattering and superconductivity. Besides, the Coulomb interaction is an important component of many-body theory, which is aiming at providing an exact solution to the electronic structure problem. To date, the problem of the Coulomb interactions and their screening beyond the long-wavelength limit has only scarcely been addressed in the context of 2D materials [21, 30, 31] .
In this Rapid Communication, we derive a tractable TB model for SL-Sb, which can serve as a starting point for a comprehensive analysis of electronic properties including many-body effects as well as for large-scale simulations of this material. We explicitly take into account spin-orbit (SO) coupling, whose effect in the band structure is discussed, and estimate the strength of the Coulomb interaction in SL-Sb. Our results suggest a strongly correlated character of 5p electrons in SL-Sb. We show that the proposed analytical TB model captures the dominant contribution of the screening effects and thus can be considered as a complete description of the electronic states in SL-Sb in the spectral region up to the mid-UV.
Equilibrium structural parameters and reference electronic bands have been obtained at the density functional (DFT) level using the vasp code [32, 33] . The generalized gradient approximation [34] was used in combination with the projected augmented-wave method [35] . The kinetic energy cutoff was set to 200 eV, the vertical interlayer separation to 30Å, and the Brillouin zone sampled by a (48×48) k-point mesh. An energy window of ∼50 eV was used in the polarizability calculations. All the results are checked for numerical convergence. The construction of the Wannier functions and TB parametrization of the DFT Hamiltonian are done with the wannier90 code [36] . Single-layer Sb adopts a buckled honeycomb structure (space group D 3 3d ) with the lattice parameter a = 4.12 A and two sublattices vertically displaced by b = 1.65 A. Structurally, Sb layers are similar to silicene [37] or germanene [38] yet with a larger buckling b, which is comparable to that predicted for single layers of the A7 (blue) phase of elemental phosphorus [39] . If SO coupling is neglected, the top of the valence band located at the Γ point is doubly degenerate (Fig. 1) for each spin channel. The corresponding states (E g ) are composed of the p x , p y orbitals only and are symmetric with respect to the inversion center. In contrast, the bottom of the conduction band is shifted from the Γ to a Σ point in the Γ-M direction by ∼2/3 of the Γ-M distance. Orbital decomposition of the corresponding wavefunction at Σ yields |ψ CB (Σ) ≈ 0.14|s + 0.61|p z + 0.76|p x,y . An indirect gap between the Γ and Σ points is estimated to be ∼1.26 eV.
The fact that the hole and electron states are symmetry inequivalent makes the construction of a simple low-energy TB model for Sb not trivial. However, given that the valence and conduction bands have a predominantly p character, and that they are separated from other states, it turns out to be possible to provide an accurate description of those states in terms of a tractable TB model in the whole energy region. The parametrization procedure used in our work is based on the formalism of maximally localized Wannier functions (WFs) [41] [42] [43] . In this formalism, the cell periodic part u 
where n is the band index and k is the crystal momentum. In Eq. (1), U k mn is a unitary matrix chosen so that it minimizes the spread of the Wannier orbitals
. In the case of SL-Sb, the relevant bands ( thus the construction of WF does not require a disentanglement procedure, which makes the WFs uniquely defined within the scheme of maximal localization. A real-space distribution of the WFs obtained for SL-Sb is shown in Fig. 2 . They represent a combination of three p-like orbitals localized on each Sb atom, giving rise to six WFs per cell. In terms of the atomiclike orbitals |p x , |p y , and |p z , the corresponding WFs can be expressed for each atomic site as
where k is the sublattice index (1 or 2), and α = arccos(1/ 1 + a 2 /3b 2 ) ≈ 55.3 o is the angle formed by the inclination of an orbital from the z direction. All three orbitals are equivalent and symmetry related.
The resulting nonrelativistic TB model is given by an effective Hamiltonian,
where t mn ij is the effective hopping parameter describing the interaction between m and n orbitals residing at atoms i and j, respectively. In Eq. (3), c † im (c jn ) is the creation (annihilation) operator of electrons at atom i (j) and orbital m (n). To make the model more tractable yet accurate enough, we ignore long-range hopping parameters with amplitudes |t| < 25 meV. The orbitals and the relevant hopping parameters are schematically shown in Fig. I . In reciprocal space, the Hamiltonian matrix can be represented as Fig. 2 ). The hopping amplitudes are given in Table I . Blue labels mark relative unit cell coordinates.
where E(k) and T (k) are 3 × 3 matrices describing the intrasublattice and intersublattice interactions, respectively. The corresponding matrices have the form,
and
In Eqs. (5) and (6),k (k) is the k vector rotated by 2π/3 (4π/3), whereas the subscript r of k in Eq. (4) indicates rotation in the opposite direction, equivalent to the vertical mirror symmetry operation (σ d ). The matrix elements appearing in Eqs. (5) and (6) read
B(k) = t 4 e iky a + t 6 e −iky a + t 14 e 2iky a + t 15 e −2iky a , (8) The resulting band structure and density of states (DOS) calculated with the given TB model is shown in Fig. 1 , from which one can see a very good match between the TB and original first-principles spectra. The agreement in the low-energy region can be quantified by the effective masses, which are accurately reproduced by the TB model as shown in Table II . Interestingly, for all relevant effective masses m < 1/ √ 3m 0 holds, which according to the Landau-Peierls theory suggests that in the presence of a perpendicular magnetic field at low temperatures, charge carriers in SL-Sb would respond diamagnetically, contrary to graphene [45] . We note, however, that manybody effects not considered here might renormalize the dispersion E k = ε k +ReΣ(k, E k ), and enhance the quasiparticle effective masses [46] .
Let us now focus on the SO coupling in SL-Sb. Assuming a local character of the SO interaction, in the conventional atomiclike basis of p orbitals, the SO Hamiltonian can be written as a sum of the intra-atomic contributions H SO = j h j , each of which is given by [47] Hamiltonian of SL-Sb can be written as
where T (kj) is the sublattice-dependent matrix, determining the basis transformation, |p
mq |p q , explicitly given by Eq. (2). k j is the sublattice index of atom j, whereas m and n (p and q) are the orbital indices running over 1,2,3 (x, y, z).
In Fig. 4 , we show the relativistic electronic bands calculated from first-principles (DFT+SO) and using the TB+SO Hamiltonian [Eq. (12)] obtained with λ = 0.34 eV, which is a fitting parameter quantitatively consistent with the intra-atomic SO strength of neutral Sb atoms [48] . Both methods are in good agreement, which demonstrates the validity of the TB+SO Hamiltonian derived above. The main effect of the SO coupling is the band splitting in the vicinity of the crossing points. This effect is especially pronounced for the valence band at the Γ point, and it results in a reduction of the indirect band gap by ∼0.2-0.3 eV. From Table II , one can also see that SO significantly reduces the effective mass for the valence band. The position and shape of the conduction band remains virtually unchanged. Given that SL-Sb is a centrosymmetric crystal, each individual band remains doubly degenerate with respect to the spin degrees of freedom. The inversion symmetry, however, can be easily broken, e.g., by an external electric field or by a substrate, which opens a way to induce spin splitting in SL-Sb and further reduce its energy gap.
We now turn to the problem of the Coulomb interaction in SL-Sb. In the static limit (ω = 0), the Coulomb interaction between lattice sites i and j can be defined in terms of the WFs w i(j) (r) as
where K(r, r ′ ) is the interaction, which in the absence of screening takes the form K = V (r, r ′ ) = e 2 /|r − r ′ |. The screening effects are taken into account at the level of the random phase approximation (RPA), in which the reciprocal representation of the Coulomb interaction matrix is given by [49] 
where P (q) is the static single-particle polarizability matrix, which in the WF basis reads [50] 
where
mi is a unitary transformation matrix defined in Eq. (1), ε k i is the eigenvalue of the full DFT Hamiltonian, η is a numerical smearing parameter, and the summation runs over the Brillouin zone involving transitions between the occupied (i) and unoccupied (j) states only. For generality, we calculate P (q) including polarization (i) by all relevant high-energy states, giving rise to the fully screened interaction W (q), and (ii) by the p-states only, which constitute the self-screened interaction U (q).
The calculated Coulomb interactions are shown in Fig. 5 as a function of distance between the lattice sites, TABLE III. Bare (V ), static self-screened (U ), and static fully screened (W ) Coulomb interactions (in eV) calculated between the p orbitals in SL-Sb using RPA. Intersite interactions are averaged over the orbital indices (m, n) on each site and shown up to the fourth nearest neighbor (4NN).
On-site (i = j)
Intersite (i = j) m = n m = n 1NN 2NN 3NN and also summarized in Table III . The bare interaction V in SL-Sb is considerably smaller than that in graphene [30] , which is due to a more delocalized character of the 5p orbitals of Sb atoms, as well as due to the larger lattice constant of SL-Sb. Apart from the on-site bare interaction V 00 , intersite interactions V ij are well described by the classical Coulomb law e 2 /r, as shown in Fig. 5 . In contrast, the screening in SL-Sb is significantly stronger compared to graphene, resulting in relatively weak interactions U and W . Moreover, the screening originates predominantly from the polarization of 5p orbitals, whereas the contribution from high-energy states is not significant, thus making U ∼W . In the context of the manybody lattice models (e.g., Hubbard model), the bare Coulomb interactions V play, therefore, the role of an effective interaction entering the Hamiltonian. Mapping the nonlocal Coulomb interaction onto the local one [31] , it can be concluded that the leading terms of the kinetic and Coulomb energies in SL-Sb are comparable in magnitude, |t 01 |/(V 00 −V 01 ) ∼ 1.6. This suggests a strongly correlated character of the 5p electrons in SL-Sb.
To conclude, we have presented a systematic analysis of the electronic properties of single-layer antimony crystals. For this, we have performed relativistic firstprinciples calculations and derived an analytical TB model that describes the interactions between the 5p single-particle states. We have shown that the strong spin-orbit coupling (λ = 0.34 eV) plays an important role in the formation of the valence band, and can be used in conjunction with the electric field or substrate engineering to split the band degeneracy governed by the inversion symmetry. The TB model presented here accurately reproduces relativistic first-principles bands in a wide energy range and is flexible enough to describe a variety of experimental situations. We have further calculated the strength of Coulomb interactions in this material and estimated the value of local (Hubbard) and intersite interactions, which is essential information to construct a many-body theory for this material. Importantly, the Coulomb screening is shown to be fully captured by the TB description, which makes the proposed model suitable for a comprehensive analysis of the electronic properties, including large-scale simulations and many-body effects. Our results also show indications of the strongly correlated character of electrons in SL-Sb, which can further stimulate theoretical and experimental interest in this 2D material. 
